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AERODYNAMIC DAMPING AND OSCILLATORY STABILITY 

IN PITCH AND YAW OF GEMINI CONFIGURATIONS 

AT MACH NUMBERS FROM 0.50 TO 4.63 

By Bruce R. Wright and Robert A. Kilgore 
Langley Research Center 

SUMMARY 

Wind-tunnel measurements of the aerodynamic damping and oscillatory stability in 
pitch and yaw for 0.10-scale models of proposed Gemini abort and reentry configurations 
have been made at Mach numbers from 0.50 to  4.63 by using a 2' amplitude forced- 
oscillation mechanism. The damping and oscillatory-stability parameters in pitch were 
obtained at mean angles of attack in the approximate ranges of 145' from 0' and *45O 
from 180' with the models at an angle of sideslip of Oo. (Both angle of attack and angle 
of sideslip a r e  defined as Oo when the antenna. housing points into the wind.) The damping 
and oscillatory-stability parameters in yaw were determined at mean angles of sideslip 
near Oo and 180° with the models at an angle of attack of 0'. Tests were made to deter- 
mine the effect of canting the front face of the antenna housing la0. 

Both the abort and reentry configurations with the antenna housing forward (mean 
angles of attack from about -50° to  50°) generally exhibit positive or near-zero damping 
in pitch for all Mach numbers, but the abort configuration exhibits negative damping at the 
higher mean angles of attack for low supersonic Mach numbers. Canting the face of the 
antenna housing to an angle of 180 has little effect on the damping for  the abort configura- 
tion or  the reentry configuration with the antenna housing forward. 

Both the abort and reentry configurations with the antenna housing forward are un- 
stable throughout the range of mean angle of attack at the lowest test Mach number but sta- 
ble throughout the range of mean angle of attack at the higher test  Mach numbers. For the 
intermediate Mach numbers, regions of stability are present at the lower positive and nega- 
tive mean angles of attack. Canting the face of the antenna housing to an angle of 1 8 O  for 
the reentry configuration with the antenna housing forward decreases the stability near Oo 
mean angle of attack at all Mach numbers; however, canting the face of the antenna housing 
of the abort configuration with the antenna housing forwar0 has little effect on the stability. 

The abort and reentry configurations with the antenna housing rearward generally 
exhibit negative or zero damping in pitch over a varying range of mean angle of attack 
near 1800. Both configurations are generally stable up to about *25O from 180°. 



In general, the yawing characteristics a r e  very similar to the pitching character- 
istics for both the abort and reentry configurations. 

INTRODUCTION 

In order to predict accurately the behavior of the Gemini abort and reentry configu- 
rations in the atmosphere, both the static- and dynamic-stability parameters for the two 
configurations must be known. Although stability parameters for simple bodies may at 
t imes be obtained by theoretical methods, an experimental approach is usually necessary 
fo r  complicated bodies, such as Gemini, because of unpredictable airflow behavior. 
Therefore, an experimental research program has been conducted by the National 
Aeronautics and Space Administration to determine the aerodynamic parameters of pro- 
posed Gemini configurations. As a part of this program, wind-tunnel tes t s  have been 
made to measure the aerodynamic-damping and oscillatory-stability parameters in pitch 
and in yaw for 0.10-scale models of proposed Gemini abort and reentry configurations. 
The results of these tests are presented herein. 

Because of the asymmetry in the Gemini configurations with respect to the XY-plane 
produced by the offset center of mass and asymmetrically located deep-set observation 
windows, it was considered necessary to measure the aerodynamic damping and oscilla- 
tory stability in pitch through both a positive and a negative range of angle of attack. 
Therefore, the tests in pitch were made at mean angles of attack in the approximate 
ranges of *45O from Oo and *45O from 180° at an angle of sideslip of Oo. Measurements 
of the damping and oscillatory stability in yaw were made through an angle-of-sideslip 
range. Inasmuch as the configurations are generally symmetrical with respect to the 
XZ-plane, the tes ts  in yaw were made through either a positive o r  a negative range of 
mean angle of sideslip near Oo and 180° with the models at an angle of attack of 0'. 

Limited space within the model did not permit the oscillation axis of the balance to 
be located at the proposed center-of-mass location for the reentry configuration at mean 
angles of attack near 300. The model of the reentry configuration, therefore, w a s  tested 
with the oscillation axis at the abort center-of-mass location for mean angles of attack 
near 300. In order  to determine whether the data so obtained might be applicable to the 
reentry configuration, tests were also made of the reentry configuration with the oscilla- 
tion axis located at both the reentry and the abort center-of-mass locations for mean 
angles of attack near Oo, -30°, and 180°. 

Canting the front face of the antenna housing 18' was considered as a means of 
making the reentry configuration with the antenna housing forward longitudinally unstable 
in order to insure heat-shield-forward orientation during reentry. However, the destabi- 
lizing effect of the cant must not cause instability of the abort configuration. Therefore, 
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the tests in pitch were made with Oo and 18O cant for  the abort configuration as well as 
for the reentry configuration. 

The data were obtained at selected Mach numbers from 0.50 to 4.63 by using a 2O 
amplitude forced-oscillation mechanism. The Reynolds number, based on the diameter 
of the heat shield, varied from about 1.6 X lo6 to 3.4 X lo6. The reduced-frequency 
parameter varied from 0.0045 to 0.0795 for  the tes ts  in pitch and from 0.0090 to 0.0775 
for the tes ts  in yaw. 

SYMBOLS 

Measurements for  this investigation a r e  given in the International System of Units 
(SI). Equivalent values are indicated herein parenthetically in U.S. Customary Units. 
Details concerning the use of SI, together with physical constants and conversion factors, 
a r e  given in reference 1. 

The aerodynamic parameters a r e  referred to  the body system of axes, as shown in 
sketch (a), in  which the coefficients, angles, and angular velocities a r e  shown in the posi- 
tive sense. 

x 4  

v 

Sketch (a) 

These axes originate at the centers of oscillation of the models, as shown in sketches (b) 
and (c) presented in the section on "Models." The equations which were used to reduce 
the dimensional aerodynamic parameters of the model to nondimensional aerodynamic 
.parameters are presented in the section on 'Measurements and Reduction of Data." 

A reference area, T($, 0.0411 meter2 (0.442 foot2) 

'm 
Pitching moment 

pitching-moment coefficient, (see sketch (a)) 
q,Ad 
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- aCm -- per  radian 
cmq 

a(+) 

per  radian 

- a Cm Cma - - per radian a& 

Cm& = 3, per radian 

Cmq + Cmh damping-in-pitch parameter, per  radian 

Cm, - k 2 Cm6 oscillatory-longitudinal-stability parameter, per radian 

Yawing moment yawing-moment coefficient, (see sketch (a)) 
q,Ad 

Cn 

per radian 

Cn; - -- per radian 
a ( . )  

CnP =ap per radian 

aCn - per radian cnP = 

Cn, - Cn*  COS CY 

CnP COS CY + k2Cni 

d 

damping-in-yaw parameter, per radian 

oscillatory-directional-stability parameter, per radian 
P 

reference length, diameter of heat shield, 0.2286 meter (0.750 foot) 

f frequency of oscillation, cycles/second 
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reduced-frequency parameter, - wd, radians 

free-stream Mach number 

angular velocity of model about Y-axis, radians/second (see sketch (a)) 

free -stream dynamic pres sur  e, newt ons/me t e r  2 (pounds/f oot 2, 

Reynolds number based on d 

angular velocity of model about Z-axis, radians/second (see sketch (a)) 

free-stream velocity, meters/second (feet/second) 

body system of axes 

angle of attack, degrees o r  radians or  mean angle of attack, degrees (see 

V 

sketch (a)) 

(see sketch (a)) 
angle of sideslip, degrees o r  radians or mean angle of sideslip, degrees 

angular velocity, 2nf, radians/second 

A dot over a quantity denotes the first derivative with respect to time. The 
expression cos a appears in the damping-in-yaw and oscillatory-directional-stability 
parameters because these parameters are expressed in the body system of axes. 

APPARATUS 

Models 

The Gemini abort configuration consists of the antenna housing, the cabin section, 
and the abort-stabilization and retro-rocket module. The more important design dimen- 
sions of the 0.10-scale model of the Gemini abort configuration are given in sketch (b). 
Linear dimensions are in meters. 
having an uncanted front face, which is hereinafter referred to as the Oo cant. 
dashed lines indicate a modification of the antenna housing which was  necessary for sting 
clearance for  tests of either the abort or the reentry configuration when either angle of 
attack or angle of sideslip was  near 1800. 

This configuration is shown with the antenna housing 
The 
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Sketch (b) 

The Gemini reentry configuration is identical to the abort configuration except that 
the abort-stabilization and retro-rocket module is removed. The more important design 
dimensions of the 0.10-scale model of the Gemini reentry configuration a r e  given in 
sketch (c). Linear dimensions a r e  in meters. This configuration is shown with the 
antenna housing having a front face canted 18O, which is hereinafter referred to as the 
1 8 O  cant. 
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+- An ten na h o u si n g +-Cabin section + 
Sketch (c) 

The centers of oscillation which correspond to the proposed full-scale center-of - 
mass  locations are shown in sketches (b) and (c) and are located in the XZ-plane. Both 
the abort and reentry centers of oscillation are presented for the reentry configuration 
because, as mentioned in the "Introduction," the model of the reentry configuration was 
oscillated about both the abort and the reentry center-of-mass locations for certain test 
conditions. 
(located on the antenna housing), retro-rockets, or openings for  sting clearance which 
were incorporated on the models. 

The sketches do not show details of the observation windows, docking blocks 

These details can be seen in the following photographs: 
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Ill I l l  

x Assembled osci I la t ion 
balance mechanism7 

Fixed sting 

L 

i ve 

- 4 

sha 

& 

f t  

cc p c o t c h  - yoke 

. .  
Displacement bridge 

Mechanical spring 

Model- mountin 

L-63- 1939.1 

The dummy retro-rockets shown were incorporated on the model of the abort configura- 
tion only for tes ts  with the blunt end of the model pointing into the wind. The docking 
blocks were on the models only for the tes ts  at Mach numbers of 1.50, 1.70, and 2.16. 
A decision was made after these tes ts  to eliminate the docking blocks from the Gemini 
configuration. In order to provide the desired angle-of-attack range, the models were 
mounted at fixed offset angles with respect to the center line of the oscillation-balance 
mechanism. The model-sting offset angles a r e  shown in sketch (d). 



Sketch (d) 

Some of the models mounted at various offset angles on the oscillation-balance mechanism 
a r e  shown in the following photographs: 
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Abort configuration f 

nechanism in the 
.angley Unitary 
'Ian wind tunnel 

L-65-9040 

The models were made of aluminum with aerodynamically smooth surfaces exposed to 
the airstream. 
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Oscillation-Balance Mechanism 

Exploded and assembled views of the forward portion of the single-component 
(pitching moment) oscillation-balance mechanism which was used for the present inves- 

for test at mean angles a€ otfack centered &aut 150" for test at mean angles of atta 

L-65-9039 

Since the amplitude of the forced oscillation is small, the rotary motion of an 
electric motor is used to provide essentially sinusoidal motion to the balance through 
the crank and Scotch-yoke mechanism. A 2' oscillation amplitude was used for  all the 
tests reported herein. The oscillatory motion is about the pivot axis, which is usually 
located at the proposed center-of-mass location of the configuration being tested. 

The strain-gage bridge used to measure the torque required to  oscillate the model 
is located between the model-mounting surface and the pivot axis. This bridge location 
eliminates the pivot-friction characteristics from the model system and thereby elimi- 
nates the need to correct the data for varying pivot friction associated with changing 
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aerodynamic load. Although the torque bridge is physically forward of the pivot axis, 
all torques are measured with respect to the pivot axis. 

The mechanical spring shown in the photograph is installed between the model- 
mounting surface and the fixed sting. The strain-gage bridge which is attached to the 
mechanical spring is used to determine the amplitude of the model angular displacement 
with respect to  the fixed sting. The mechanical spring allows the model system to be 
oscillated at velocity resonance. Although the models may be oscillated at frequencies 
from about 1 to 30 cycles per second with the forced-oscillation balance, as mentioned 
in reference 2 the damping coefficient is obtained most accurately by operating at veloc- 
ity resonance. The oscillation frequency varied from 1.52 to 16.93 cycles per second 
fo r  the tes ts  reported herein. 

Wind Tunnels 

Two wind tunnels were used to obtain the data presented herein. Both tunnels are 
equipped for  control of relative humidity and total temperature of the air in the tunnel in 
order  to  minimize the effects of condensation shocks and for control of total pressure in 
order to  obtain the test  Reynolds number. 

Langley 8-foot transonic - pressure _. tunnel.- __ - The data for Mach numbers of 0.50, 
0.80, 0.95, and 1.20 were obtained in the Langley 8-foot transonic pressure tunnel. The 
test section of this single-return closed-circuit wind tunnel is about 2.2 meters  square 
(about 7.1 feet square) with slotted upper and lower walls to permit continuous operation 
through the transonic speed range. Test-section Mach numbers from near 0 to 1.30 can 
be obtained and kept constant by controlling the speed of the tunnel-fan drive motor. The 
Mach number distribution is reasonably uniform throughout the test  section, with a maxi- 
mum deviation from the average free-stream Mach number of approximately 0.01 at the 
higher Mach numbers. 

tunnel through a range of sting angle of attack from about -5' to 14O when used with the 
oscillation- balance mechanism. 

The sting-support strut  is designed to keep the model near the center line of the 

Langley Unitary Plan wind . tunnel.- .- The data for  Mach numbers of 1.50, 1.70, and 
2.16 were obtained in test section number 1 of the Langley Unitary Plan wind tunnel. 
The data for Mach numbers of 3.00 and 4.63 were obtained in test  section number 2 of 
the same tunnel. Both test sections a r e  about 1.2 meters  square (4 feet square) and 
about 2.1 meters  long (7 feet long). Asymmetric sliding blocks which vary the area 
ratio a re  used to  change the Mach number from about 1.47 to 2.87 in test section num- 
ber 1 and from about 2.30 to 4.65 in test  section number 2. The angle-of-attack mecha- 
nism used for this investigation has a total range of about 25O when used with the 
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oscillation-balance mechanism. A complete description of the Langley Unitary Plan 
wind tunnel is given in reference 3. 

MEASUREMENTS AND REDUCTION OF DATA 

The strain-gage bridges used to  sense the torque required to oscillate the model 
and the angular displacement of the model with respect to the sting are powered by 
3000-cps car r ie r  voltage. The bridge outputs are proportional to the instantaneous 
torque and the instantaneous angular displacement. The constant components of the 
bridge outputs a r e  removed by using conventional bridge-balance circuits. The noncon- 
stant components are amplified and passed through mechanically coupled but electrically 
independent sine-cosine resolvers which rotate with constant angular velocity at the fre-  
quency of model oscillation and resolve each signal into two components. The components 
a r e  rectified by phase-sensitive demodulators and read on damped digital voltmeters to 
provide direct-current voltages proportional to the orthogonal components of the ampli- 
tude of the torque required to oscillate the model and the amplitude of the angular 
displacement of the model with respect to the sting. .The amplitudes of the torque and 
displacement are then computed from their respective orthogonal components. The 
individual resolvers are electrically alined so that the phase angle between the torque 
and the angular displacement may also be determined from the orthogonal components. 

The resolver-damped-voltmeter system acts as an extremely narrow band-pass 
filter with the center frequency always being the frequency of oscillation of the model. 
In this way, as explained in reference 2, the effects of random torque inputs due to tunnel 
turbulence or other causes a r e  eliminated and only the components of torque and angular 
displacement which occur at the frequency of oscillation a r e  used in computing the 
dynamic stability characteristics of the model. 

The frequency of oscillation is measured by using an electronic counter to deter- 
mine the number of pulses generated in 1 second by an induction-coil pickup and a 100- 
tooth gear which is fastened to the shaft of one of the resolvers. 

For the pitching tests, measurements a r e  made of the amplitude of the torque 
required to oscillate the model in pitch T y ,  the amplitude of the angular displacement 
in pitch of the model with respect to the sting 0, the phase angle q between T y  and 
0, and the angular velocity of the forced oscillation o. The viscous-damping coefficient 
in pitch for this single-degree-of-freedom system is computed as 

Ty s in  77 
00 

cy = 



and the spring-inertia parameter in pitch is computed as 

T cos q 

0 
K y - I y w 2 =  

where K y  is the torsional-spring coefficient of the system and Iy is the moment of 
inertia of the system about the body Y-axis. 

For these tests,  the damping-in-pitch parameter was computed as 

and the oscillatory-longitudinal-stability parameter was computed as 

Since the wind-off value of C y  is not a function of oscillation frequency, it is 
determined at the frequency of wind-off velocity resonance because CY can be deter- 
mined most accurately at this frequency. The wind-off value of K y  - I y w 2  is deter- 
mined at the same frequency as the wind-on value of KY - I y w 2  since this parameter 
is a function of frequency. 

For the yawing tests,  measurements a r e  made of the amplitude of the torque 
required to oscillate the model in yaw Tz, the amplitude of the angular displacement 
in yaw of the model with respect to the sting 9, the phase angle X between T Z  and 
9, and the angular velocity of the forced oscillation 
in yaw for this single-degree-of-freedom system is 

T Z  sin A 
w* 

cz = 

w. The viscous-damping coefficient 
computed as 

and the spring-inertia parameter in yaw is computed as 

where KZ is the torsional-spring coefficient of the system and Iy is the moment of 
inertia of the system about the body Y-axis. 

For these tests,  the damping-in-yaw parameter was computed as 

V cnr - cni cos a! = -- 
q,Ad 2 pz)wind  on - (cz)wind of4 
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and the oscillatory-directional-stability parameter w a s  computed as 

The wind-off value of Cz is determined at the frequency of wind-off velocity 
resonance, and the wind-off and wind-on values of KZ - Izw2 a r e  determined at the 
same frequency. 

TESTS AND PRESENTATION OF RESULTS 

The tes ts  w e r e  made at  selected Mach numbers from 0.50 to  4.63 by using a 2O 
amplitude forced-oscillation mechanism. The damping and oscillatory-stability param- 
e te rs  in pitch were obtained at mean angles of attack in the approximate ranges of &45O 
from Oo and k45O from 180° with the models at an angle of sideslip of Oo. The damping 
and oscillatory-stability parameters in yaw were determined at mean angles of sideslip 
near 0' and 180' with the models at an angle of attack of Oo. The Reynolds number, 
based on the diameter of the heat shield, varied from about 1.6 X lo6 to 3.4 X 106. The 
Reynolds number equaled the anticipated full-scale Reynolds number at all Mach numbers 
except 1.50, 1.70, and 2.16. At these Mach numbers, the full-scale Reynolds number 
could not be obtained because of insufficient model load limits. The reduced-frequency 
parameter varied from about 0.0045 to 0.0795 for the tes t s  in pitch and from about 0.0090 
to 0.0775 for the tes ts  in yaw. These values of reduced-frequency parameter are repre- 
sentative of the anticipated full-scale values. 

The basic dynamic-stability data a r e  presented in the following figures: 

Figure 
Variation of longitudinal-stability parameters with angle of attack; p = 0': 

Abort configuration; a! centered around 00 . . . . . . . . . . . . . . . . . . . .  
Abort configuration; a centered around 1800 . . . . . . . . . . . . . . . . . . .  
Reentry configuration; a! centered around Oo . . . . . . . . . . . . . . . . . . .  
Reentry configuration; a! centered around 1800. . . . . . . . . . . . . . . . . .  

Abort configuration with 0' cant; p centered around Oo . . . . . . . . . . . . .  
Abort configuration with Oo cant; p centered around 180' . . . . . . . . . . . . .  
Reentry configuration with Oo cant; p centered around 0' . . . . . . . . . . . .  
Reentry configuration with Oo cant; p centered around 180° . . . . . . . . . . .  

Variation of dynamic-stability parameters with Mach number at a! = p = Oo . . . .  
Variation of dynamic-stability parameters with Mach number at a! = p = 180°. . .  

Variation of directional-stability parameters with angle of sideslip; a! = 0': 

1 
2 
3 
4 

5 
6 
7 
8 

9 
10 
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RESULTS AND DISCUSSION 

Longitudinal Stability 

Explanation of longitudinal-stability parameters. - The damping-in-pitch parameter 
+ C is a measure of the effective damping experienced by the model while being 

cmq m&! 
forced to oscillate through an angle-of-attack range from a! - 0 to a! + 0, where a! 

is the mean angle of attack and 0 is the amplitude of the forced oscillation. Since 0 
is small, the value of Cmq + Cmd! is essentially a measure of the damping at a discrete 
angle of attack. A negative value of Cmq + Cm& at any mean angle of attack a! indi- 
cates that the model experiences a net positive aerodynamic damping in pitch during the 
oscillations about that a!. 

The oscillatory-longitudinal-stability parameter Cm - k2Cmi is a function of 
CN 

the variation of oscillatory pitching moment with angle of attack through the angle-of- 
attack range from a! - 0 to a! + 0. A negative value of this parameter at any mean 
angle of attack a! indicates that the oscillating model is aerodynamically stable with 
respect to that a!. 

Abort configuration with antenna housing forward (a! ~~ centered ~ around Oo).-  The data 
in figure 1 show that positive o r  near-zero damping in pitch is generally exhibited for the 
abort configuration with the antenna housing forward at all Mach numbers except 1.70 and 
2.16, where appreciable negative damping is present for mean angles of attack greater 
than about *30°. The stability parameter is very dependent upon both Mach number and 
mean angle of attack. At the lowest Mach number, 0.50, the Gemini abort configuration 
with the antenna housing forward is unstable at all mean angles of attack, whereas the 
configuration generally is stable at all mean angles of attack at the higher Mach numbers 
of 3.00 and 4.63. At the intermediate Mach numbers, regions of stability a r e  present at 
the smaller positive and negative mean angles of attack. At a Mach number of 2.16 at 
the positive mean angles of attack near 30°, the discontinuity in the data is associated 
with an abrupt change in the flow over the body due to changing boundary-layer separa- 
tion. Canting the face of the antenna housing to  an angle of 1 8 O  has, in general, little 
effect on the damping and oscillatory stability in pitch for the abort configuration with the 
antenna housing forward. 

The general symmetry about Oo mean angle of attack of both the damping and the 
stability data for the abort configuration with the antenna housing forward indicates that 
the offset center of mass  and the external asymmetry of the model do not appreciably 
affect the damping and stability characteristics in pitch. 

Abort configuration with -~ antenna housing rearward (a! centered around 1800).- The 
Gemini abort configuration with the antenna housing rearward generally has negative 
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damping in pitch at mean angles of attack near 180°, as can be seen in figure 2. 
ever,  the damping in pitch generally becomes positive at mean angles of attack about 5O 
from 180° at the higher supersonic Mach numbers and about 30° from 180° at Mach num- 
bers  of 1.20 and below. 

How- 

At Mach number 1.20 and below, this configuration is generally stable for mean 
angles of attack within about 250 of 180°. Although reflected shock waves prevented data 
from being obtained throughout the entire range of mean angle of attack at Mach numbers 
greater than 1.20, the abort configuration appears to be stable at mean angles of attack 
within about 100 o r  150 of 180° at a Mach number of 2.16 and above. 

Reentry . -  . configuration with antenna housing forward (a! centered around Oo).- A s  
mentioned in the ttZntroduction," canting the face of the antenna housing 180 w a s  consid- 
ered as a means of making the reentry configuration with the antenna housing forward 
longitudinally unstable near Oo angle of attack in order to  insure that this configuration 
would orient itself with the heat shield forward during reentry rather than with the 
antenna housing forward. The configuration with the face of the antenna.housing canted 
18O is less  stable than the configuration with Oo cant near Oo mean angle of attack at all 
Mach numbers, as can be seen from the data in figure 3. However, only at Mach num- 
bers  of 1.20 and below does this decrease in stability appear significant since only at 
these Mach numbers is the decrease in stability sufficient.to cause the stable configu- 
ration to become unstable near a! = 00. Canting the face of the antenna housing has 
little effect on the damping in pitch, which is positive or near zero throughout the Mach 
number and mean-angle-of -attack ranges. 

In general, the trends of the damping and stability parameters for the reentry con- 
figuration with the antenna housing forward a r e  very similar to those for the abort con- 
figuration with the antenna housing forward. As mentioned in the "Introduction," the 

model of the reentry configuration with the antenna housing forward w a s  tested with the 
oscillation axis at the abort center-of-mass location for mean angles of attack near 30° 
because of space limitations within the model. In order to determine whether the data 
so  obtained might be applicable to the reentry configuration with the oscillation axis at 
the reentry center-of-mass location for mean angles of attack near 30°, t es t s  were also 
made of this configuration with the oscillation axis at both the reentry and the abort 
center-of-mass locations at mean angles of attack near Oo, -30°, and 180°. 
obtained near a! = 180° are presented in figure 4.) Because only slight differences were 
obtained in the damping characteristics about the two center-of-mass locations, the data 
near (Y = 300 for the reentry configuration oscillating about the abort center-of-mass 
location should be applicable to the reentry configuration oscillating about the reentry 
center of mass. As would be expected, the configuration is less  stable at the more rear- 
ward center-of-mass location (abort center of mass). 

(The data 
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Reentry configuration with antenna housing rearward (a centered around 1800). - 
The Gemini reentry configuration with the antenna housing rearward generally exhibits 
negative or near-zero damping in pitch at  mean angles of attack near 1800 at all Mach 
numbers, as can be seen from the data in figure 4. However, the damping in pitch 
becomes positive for mean angles of attack more than about 300 from 1800. The data 
obtained at the two center-of-mass locations show very little effect of oscillation center 
on the damping-in-pitch parameter. Although regions of instability a r e  present at Mach 
numbers of 1.70 and below, this configuration is generally stable at mean angles of 
attack within about *30° of 180° at a Mach number of 1.70 and at all values of a at 
Mach numbers of 2.16 and above. 

. -  

Directional Stability 

Explanation of directional-stability parameters.- The interpretation of the 
directional-stability parameters,  presented in figures 5 to 8,  is analogous to the inter- 
pretation of the longitudinal-stability parameters. A negative value of the damping-in- 
yaw parameter Cn, - C n j  cos a at any mean angle of sideslip p indicates that the 
model experiences a net positive aerodynamic damping in yaw during the oscillations 
about that p. A positive value of the oscillatory-directional-stability parameter 

cos a + k2Cn; at any p indicates that the oscillating model is aerodynamically 
stable with respect to that p. cnP 

Abort and reentry configurations.- As previously mentioned, the data in yaw were 
obtained through an angle-of-sideslip range at a = 00. Therefore, the only differences 
between the yawing data and the pitching data would be produced by the slight offset of 
the center-of-mass location and other model asymmetries. The yawing data for  the 
abort configuration a r e  presented in figures 5 and 6,  and the data for the reentry con- 
figuration, in figures 7 and 8. In general, the pitching and yawing characteristics are 
very similar for the two configurations. The damping and stability parameters for both 
pitch and yaw as a function of Mach number are presented in figure 9 for a = p = 00 and 
in figure 10 for a = p = 180° to show graphically the similarity between the pitching and 
yawing results, 

CONCLUDING REMARKS 

Wind-tunnel measurements of the aerodynamic damping and oscillatory stability in 
pitch and yaw for 0.10-scale models of proposed Gemini abort and reentry configurations 
have been made at Mach numbers from 0.50 to 4.63 by using a 2' amplitude forced- 
oscillation mechanism. The damping and oscillatory-stability parameters in pitch were 
obtained at mean angles of attack in the approximate ranges of ~ 4 5 0  from Oo and *45O 
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from 1800 with the models at an angle of sideslip of Oo. (Both angle of attack and angle 
of sideslip are defined as Oo when the antenna housing points into the wind.) The damping 
and oscillatory-stability parameters in yaw were determined at mean angles of sideslip 
near Oo and 180° with the models at an angle of attack of 0'. Tests were made to deter- 
mine the effect of canting the front face of the antenna housing 18O.  

Both the abort and reentry configurations with the antenna housing forward (mean 
angles of attack from about -50° to  50°) generally exhibit positive o r  near-zero damping 
in pitch for all Mach numbers, but the abort configuration exhibits negative damping at the 
higher mean angles of attack for  low supersonic Mach numbers. Canting the face of the 
antenna housing to an angle of 1 8 O  has little effect on the damping for  the abort configura- 
tion or the reentry configuration with the antenna housing forward. 

Both the abort and reentry configurations with the antenna housing forward ape 
unstable throughout the range of mean angle of attack at the lowest test Mach number but 
stable throughout the range of mean angle of attack at the higher test Mach numbers. For 
the intermediate Mach numbers, regions of stability are present at the lower positive and 
negative mean angles of attack. Canting the face of the antenna housing to an angle of 180 
for  the reentry configuration with the antenna housing forward decreases the stability near 
0' mean angle of attack at  all Mach numbers; however, canting the face of the antenna 
housing of the abort configuration with the antenna housing forward has little effect on the 
stability . 

The abort and reentry configurations with the antenna housing rearward generally 
exhibit negative o r  zero damping in pitch over a varying range of mean angle of attack 
near 180O. Both configurations are generally stable up to about +25O from 180°. 

In general, the yawing characteristics are very similar to the pitching character- 
ist ics for  both the abort and reentry configurations. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., November 8, 1965. 
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Figure 9.- Variation of damping-in-pitch parameter, damping-in-yaw parameter, oscillatory-longitudinal-stability parameter, 
and oscillatory-directional-stability parameter with Mach number. a = p = 00. 
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